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Preface:

In November 1997, guidelines were developed by the National Geodetic Survey (NGS) for performing Global
Positioning System (GPS) surveysthat are intended to achieve ellipsoid height network accuracies of 5 cm at the 95
percent confidence level, aswell as ellipsoid height local accuraciesof 2 cm and 5 cm, also at the 95 percent
confidence level (Zilkoski et al. 1997). See Appendix A for information about local and relative ellipsoid height
accuracies and Appendix B for information on the basic requirements for 2-cm ellipsoid height standards.

The following guidelines were developed by NGS for performing GPS surveys that are intended to achieve
orthometric height network accuracies of 5 cm at the 95 percent confidence level, aswell as orthometric height
local accuracies of 2 cmand 5 cm, also at the 95 percent confidence level. /These guidelineswere developed in
partnership with Federal, state, and local government agencies, academia, and private surveyors.

We are confident that these guidelines, if followed, will result in achieving the intended accuracy. Additiona analysis
may show that some of these guidelines can be relaxed in the future. These guidelines areintended for establishing
vertical control networks.

Note: these guidelines assume that for the survey project areain question, NGS has completed the establishment of a
high accuracy reference network at 100-kilometer spacing or that astate-wide High Accuracy Reference Network
(HARN) has been established, i.e., there are A- or B-order stations distributed throughout the state at an approximate
spacing of 50 km or else there are Federal HARN stations or GPS Continuously Operating Reference Station (CORS)
sites located within 75 km of the project area.

An effort should be made to connect to stations which were previously determined using these guidelines (or
equivalent).

Introduction:

Since early 1983, NGS has performed control survey projectsin the United States using GPS satellites. Analysis of
GPS survey data has shown that GPS can be used to establish precise relative positions in a three-dimensional
Earth-centered coordinate system. GPS carrier phase measurements are used to determine vector base linesin space,
where the components of the base line are expressed in terms of Cartesian coordinate differences (Remondi 1984).
These vector base lines can be converted to distance, azimuth, and ellipsoidal height differences (dh) relative to a
defined reference ellipsoid.

During the past decade, results from projects have clearly shown that GPS survey methods can replace classical
horizontal control terrestrial survey methods. However, until recently, there was a problem in obtaining sufficiently
accurate geoid height differencesto convert GPS-derived ellipsoid height differences to accurate GPS-derived
orthometric height differences (Zilkoski and Hothem 1989, Hajela 1990, Milbert 1991). Theinterest in obtaining
accurate GPS-derived orthometric heights has increased during the last several years (Parks and Milbert 1995, Kuang
et al. 1996, Satalich 1996, Zilkoski and D’ Onofrio 1996, Henning et al. 1998, Martin 1998). Can the accuracies achieved
for these orthometric height differences now provide aviable aternative to classical geodetic leveling techniques?

With the completion of the general adjustment of the North American Vertical Datum of 1988 (NAVD 88) (Zilkoski et
al. 1992), computation of an accurate National high-resolution geoid model, GEOID99 (Smith and Roman 2000), and
development of NGS' Guidelines for Establishing GPS-Derived Ellipsoid Heights (Standards: 2

cm and 5 cm) (Zilkoski et a. 1997), the answer isyes -- GPS-derived orthometric heights can now provide aviable
alternative to classical geodetic leveling techniques for many applications.



Orthometric heights (H) are referenced to an equipotentia reference surface, e.g., the geoid. The orthometric height of
apoint on the Earth's surface is the distance from the geoidal reference surface to the point, measured along the
plumb line normal to the geoid. Ellipsoid heights (h) are referenced to areference ellipsoid. The ellipsoid height of a
point is the distance from the reference ellipsoid to the point, measured along the line which is normal to the ellipsoid.
At the same point on the surface of the earth, the difference between an ellipsoid height and an orthometric height is
defined as the geoid height (N).

Several error sources that affect the accuracy of orthometric, ellipsoid, and geoid height values are generally common
to nearby points. Because these error sources are in common, the uncertainty of height differences between nearby
pointsis significantly smaller than the uncertainty of the absolute heights of each point.

Orthometric height differences (dH) can then be obtained from ellipsoid height differences by subtracting the geoid
height differences(dN):

dH = dh - dN.

Adhering to NGS' guidelines, ellipsoid height differences (dh) over short base lines, i.e., less than 10 km, can now be
determined from GPS phase measurements with 2-sigma uncertainties that are typically better than +/- 2em. Thisis
now possible because of the availability of a greater number of satellites, more accurate satellite orbits, full-
wavelength dual-frequency carrier phase data, improved antenna designs, and improved data processing techniques.

It should also be noted that the GPS-derived ellipsoid height guidelines documented by Zilkoski et al.(1997)were
intentionally designed to produce ellipsoid heights slightly better than 2 cm, i.e., about 1.4 cm, so that they could also
be used when generating 2-cm GPS-derived orthometric heights. The requirement that each base line must be
repeated and agree to within 2 cm of each other, and because they must be obtained on two separate days during
different times of the day provide afinal GPS-derived ellipsoid height better than 2 cm at the 2-sigmalevel. The
requirement that spacing between local network station cannot exceed 10 km helpsto keep therelative error in geoid
height smadll, i.e., typically lessthan 0.5 cm. Adding in the small error for the uncertainty of the geoid height
difference and controlling the remaining systematic differences between the three height systems will produce a GPS-
derived orthometric height with 2-sigma uncertainties that are typicaly +/- 2 cm.

In many aress of the United States, geoid height differences can be determined with uncertainties that are typically
better than 1 cm for distances of as much as20 km and less than 2-3 cm for distances from 20 to 50 km (Zilkoski and
D’ Onofrio 1996, and Henning et al. 1999). The small values for the differential geoid height uncertainties have been
demonstrated in tests in severa regions of the United States. Larger uncertainties can be expected in other areas,
depending on the density of the observed gravity network and uncertainties in the determination of observed and
interpolated gravity anomalies.

When high-accuracy field procedures are used, orthometric height differences can be computed from measurements

of precise geodetic leveling with an uncertainty of less than 1 cm over a 50-kilometer distance. Less accurate results
are achieved when third-order leveling methods are employed. Depending on the accuracy requirements, GPS

surveys and present high-resolution geoid models can be employed as an alternative to classical leveling methods. In
the past, the primary limiting factor was the accuracy of estimating geoid height differences. With the computation of
the latest National high-resolution geoid model, GEOI D99, and the development of the 2- and 5-cm guidelines for
estimating GPS-derived ellipsoid heights (Zilkoski et al. 1997), the limiting factor is ensuring that the NAVD 88
orthometric height values used to control the project are valid. Strategically occupying bench marks with GPS that
have valid NAVD 88 heightvaluesis critical to detecting, reducing, and/or eliminating blunders and systematic errors
between the three height systems.

The 3-4-5 System:

There are three basic rules, four control requirements, and five procedures which need to be adhered to for estimating
GPS-derived orthometric heights. This document describes these rules, control requirements, and procedures
required for estimating GPS-derived orthometric height to meet 2- and 5-cm standards. It isthe intent of this
document to keep the explanation of rules, requirements, and procedures to a minimum. Detailed explanations can be
found in the referenced reports.



Basic Rules for Estimating GPS-Derived Orthometric Heights:

There are three basic rules that a user must follow when estimating accurate GPS-derived orthometric heights:

Rule 1: Follow NGS' guiddines for establishing GPS-derived ellipsoid
heights when performing GPS survey (Zilkoski et a. 1997),

Rule 2: Use NGS' latest National Geoid Moddl, i.e., GEOID99, when
computing GPS-derived orthometric heights (Smith and Roman 2000), and

Rule 3: Usethelatest National Vertica Datum, i.e., NAVD 88, height values to control the project’s adjusted
heights (Zilkoski et al. 1992).

Basic Control Requirements for Estimating GPS-Derived Orthometric Heights:

When the user follows the three basic rules above, there are only four
basic control requirements for estimating GPS-derived orthometric heights:

Requirement 1: GPS-occupy stations with valid NAVD 88 orthometric
heights, stations should be evenly distributed throughout project.

Requirement 2: For project areas less than 20 km on‘aside, surround
project with valid NAVD 88 bench marks, i.e., minimum number of
stations is four; one in each corner of project:[NOTE: Theuser may
have to enlarge the project area to occupy enough bench'marks even if
the project area extends beyond the original area of interest.]

Requirement 3: For project areas greater than 20 km on a side, keep
distances between valid GPS-occupied NAVD 88 bench marksto less
than20 km.

Requirement 4: For projects |ocated in mountai nous regions, occupy
valid bench marks at base and summit of mountains, even if distance

islessthan 20 km.

[NOTE: Valid NAVD 88 height values include, but are not limted to, the
foll'owi ng: bench marks which have not noved since their heights were | ast
determ ned, were not msidentified, and are consistent with NAVD 88.]

Basic Procedures for (Estimating GPS-Derived Orthonetric Heights:

When the user follows the three basic rules and four control requirenents
stated above, there are only five basic procedures that need to be foll owed
for conputing accurate GPS-derived orthonetric heights.

Procedure 1: Performa 3-D mini mumconstraint |east squares adjustnent of
the GPS survey project, i.e., constrain one |atitude, one |ongitude, and one
orthonetric height val ue.



Procedure 2: Using the results fromthe adjustnent in procedure 1 above
detect and renove all data outliers. [NOTE If the user follows NGS
gui delines for establishing GPS-derived ellipsoid heights, then the user will
al ready know which vectors may need to be rejected and following the GPS-
derived el lipsoid hei ght guidelines should have al ready reobserved those base
lines.]

The user should repeat procedures 1 and 2 until all data outliers are renoved

Procedure 3: Conpute differences between the set of GPS-derived
orthonetric heights fromthe mni numconstraint adjustnent (using the |atest
Nati onal geoid nodel, i.e., GEQ DI99) from procedure 2 above and publi shed NAVD
88 bench narks

Procedure 4. Using the results fromprocedure 3 above, determ ne which
bench narks have valid NAVD 88 height values. This is/the nost inportant step
of the process. Determ ning which bench marks have valid heights<is critica
to conputing accurate GPS-derived orthonetric heights. [ NOTE: The user shoul d
include a few extra NAVD 88 bench nmarks in case some are inconsistent.]

Al differences between valid bench marks need to agree within 2 cmfor 2-cm
surveys and 5 cmfor 5-cmsurveys. [NOTE: For nost small areal extent, e.g.,
20 kmby 20 km in the contermnous United States, using NGS |atest National
Geoi d Mbdel shoul d produce satisfactory results (see Hennings et. al, 1998).
There may, however, appear to be a systenatic tilt over large areas, i.e., 50
km by 50 km but with NAVD 88 vertical control occupied with GPS every 20 km
this tilt should be accounted for in the final constrai ned adjustnment. The
user should estimate | ocal systematic differences between GPS-derived hei ghts
and | evel i ng-derived heights by solving for the geoidal slope and scale. [See
Vi ncenty (1987)and Zil koski 1993].

Procedure 5: Using the results from procedure 4 above, performa
constrai ned adjustment fixing one |atitude and-one |ongitude value and al
val i d NAVD88 hei ght val.ues.

The user shoul d al ways ensure that the final set of heights weren't distorted
by the adjustnent process. |f the user followed the procedures outlined
above, then thiss should not occur, but there is a fairly sinple way of
checking for blunders.

The user shoul d conpute the differences between the final set of GPS-derived
orthonetric heights from procedure 5 and the nini mum constrai ned set of
hei‘ght s from procedure’ 2. The differences between nei ghboring stations should
be small, i.e., 1 cm(see Henning et al., 1998). |If these differences exceed
2 cm it is possible that an incorrect or invalid station value was held
fixed.

During the | ast decade, several NGS reports have been prepared that describe

t hese procedures in nore detail (Zlkoski and Hothem 1989; Zil koski, 1990a;

Zi | koski, 1990b; Zzilkoski, 1993;and Henning, et. al, 1998). These reports are
avail able from NGS web site at http://ww:. ngs.noaa.gov. Although, it should

be mentioned that because of inprovenents in high resolution geoid nodels, the
inmplenentation of the full constellation of GPS, the conpletion of the NAVD 88
project, inmprovenents in GPS equi pnent and processing software, and the

devel opnent of guidelines for estimating GPS-derived ellipsoid heights, the

m ni mum steps outlined in the above reports only need to be considered when a
problemis detected when performng the five procedures. However, the




reports, even thought they are slightly out of date because of inprovenents in
geoi d nodel s and technol ogy, should provide the necessary infornmation for the
user to understand how to performthe five procedures stated in these
guidelines. |In particular, the report titled “NGS/ Caltrans San D ego GPS-
Derived Orthonetric Hei ght Cooperative Project” denmonstrates the ninimum steps
required to estimate and eval uate a GPS-derived orthonetric hei ght project.
Today, the 10 steps are sinplified into five procedures, but they may still
need to be consi dered when doing some projects. Appendix Ccontains a |ist of
the 10 steps outlined in the San Diego GPS Project report and appendi x D
contains a brief description of the five procedures using a sanple project.

Submi ssion of Data to the National Ceodetic Survey:

"lInput Formats and Specifications of the National Ceodetic Survey (NGS) Data
Base, " commonly called the "Blue Book," is a user's guide for preparing and
submitting geodetic data for incorporation into NGS' data base. Survey data
that are entered into NGS data base becone part of the National< Spati al

Ref erence System (NSRS), fornerly the National Geodetic Reference System The
gui de conprises three volumes. Volune | covers classical horizontal geodetic
and d obal Positioning System (GPS) data, volume |l covers vertical geodetic
data, and volune 111 covers gravity data. Beginning with this edition, the
three formerly separate volunes are distributed as a.set, since a great deal
of information is comon to each volune. Because sonme of the chapters and
annexes are identical in all three volunes, the original nunbering design has
been ret ai ned.

The formats and specifications are consistent with the ains of the Executive
O fice of the President, Ofice of Managenent and Budget's (OwvB) G rcul ar
A-16, as revised in 1990. A nmjor goal of the circular, which is titled

" Coor di nation of Surveying, Mapping,/and Rel ated Spatial Data Activities," is
to develop a national spatial data infrastructure with the involvenent of
Federal, state, and | ocal governnments, and the private sector. This
multilevel national information resource; united by standards and criteria
establ i shed by the Federal ~Geodetic Control Subcommttee (FGCS) of the Federal
CGeogr aphi c/Data Committee (FGXC), will enable the sharing and efficient
transfer <of geospatial “data between producers and users.

Survey data that are submitted to NGS for incorporation into NSRS shoul d be
properly formatted and follow the guidelines outlined in this report.

The “Blue-Book” and nost of the documents referenced herein may be obtai ned
fromNGS'web site at http://ww. ngs. noaa. gov/ FGCS/ Bl ueBook/ or

NOAA; National CGeodetic Survey, N NGS12

1315 East-West H ghway, Station 9202

Silver Spring, MD 20910-3282

Tel ephone: (301) 713-3242; Fax: (301) 713-4172

Monday through Friday, 7:00 a.m - 4:30 p.m Eastern Tine.

Dat a Subm ssion to NGS:

1. The project accession nunber is of the form GPS-xxx. (The project
accession nunber will be assigned by NGS when draft project plans are
submitted to NGS for evaluation prior to the start of the project.)

2. A project report and the data elements listed in Appendix L of "Input
Formats and Specifications of the NGS Data Base" must be transmitted to NGS.
Qual ity checks for conformance to NGS format standards shall be perforned

usi ng software progranms COVPGB and OBSDES.



3. Latitude, longitude, and ellipsoid heights, as well as X, Y, and Z
coordi nates shall be provided in both NAD 83 and | TRF coordi nate systens.
GPS-derived orthonetric heights shall be provided i n NAVD 88.

Qui del i ne Updat es:

These Quidelines will be updated as the results of future projects and other
procedures are reviewed. There may be other procedures that will also achieve
the standards. The user shoul d note which procedures in this document were
not foll owed and note how errors and systematic biases were detected, reduced,
or elimnated by the new procedure. NGS wel conmes the opportunity to exanine
alternate procedures and supporting data that denonstrate the ability to

achi eve the accuracy standards stated in this document. |f you have such data
or would like to comrent, please contact Dave Zil koski or Edward .Carl son,

t el ephone 301-713-3196, or wite:

Nati onal Geodetic Survey, N NGS2
NOAA, 1315 East-West H ghway
Silver Spring, Maryland 20910-3282
ermai | : Dave. Zi | koski @oaa. gov. or

Ed. Car| son@oaa. gov or

Curt. Sm t h@oaa. gov
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Appendi x A. -- Definitions

Accur acy

Local Accuracy - The |ocal accuracy of a control point is a value expressed in
cmthat represents the uncertainty in the coordinates of the control point
relative to the coordi nates of the other directly connected, adjacent control
points at the 95 percent confidence level. The reported |ocal accuracy is an
approxi mate average of the individual |ocal accuracy values between this
control point and other observed control points used to establish the

coordi nates of the control point.

Net wor k Accuracy - The network accuracy of a control point. is a‘val ue
expressed in cmthat represents the uncertainty in the coordinates of the
control point with respect to the geodetic datumat the 95 percent confi dence
level . For National Spatial Reference System (NSRS) network accuracy
classification, the datumis considered to be best supported by NGS. By this
definition, the local and network accuracy values at CORS sites are considered
to be infinitesimal, i.e., to approach zero.

St ati ons
Base Stations

Primary - Stations evenly distributed that surround.the | ocal network.
These stations relate the local network to NSRS to the 5-cm or better,
standard through sinul taneous observations with control stations. They can be
new y established stations and be part of the |ocal network.

Secondary - Stations evenly distributed t hroughout the |ocal network
that ensure that the | ocal “network does/not contain a significant medi um
wavel engt h(20-30 kn) ellipsoid height error through sinultaneous observations
with primmary base stations. These stations may be newly established stations
and are part of the |ocal network.. They are |ocated between Prinary Base
Stations.

Control Stations

A- or B-order three-dinensional stations that surround the project area
in at least three different quadrants. These stations relate the |ocal
network to the National Spatial Reference Systemthrough sinultaneous
observations with primary base stations. They nust be referenced to NSRS and
t'hey provide the network accuracy. They nay be newy established stations in
the survey project if A or B-order specifications and procedures are used to
establish them These procedures are not covered in this docunent, please
contact NGS for additional information.

Local Network Stations

These stations include all other stations that are not base (primary or
secondary) or control stations. They are part of the |ocal network. They
provide the | ocal accuracy standard through sinultaneous observations between
adj acent stations.



Appendi x B. -- GPS El lipsoid Height H erarchy and Basic Requirenents for 2-cm
st andar d

HARN/Control Stations

(75 k)

Primary Base
(40 km)

Secondary Base
(15 k)

Loaal Nebtwork Statione
(7 to 10 k1)

HARN/ Control Stati ons

O cs1



Primary Base Stations

0O Cs1

PB1

O Cs2

Basi ¢ Requirenents

tions cannot exceed 40 km

o Each primar i ected to at least its nearest primary
rol station.

be traceabl e back to 2 control stations along
es PBlL - CS1 and PBl1 - PB2 plus PB2 -CS2, or
5 PB3 - CS3.

>S1 and PBL -




Secondary Base Stations

@]
PB1
SB1 SB2
SB3 <---------- 15 km---=------ > SB4
PB2 PB3

Basi ¢ Requirenents

0 30 Mnute Sessions / 2 Days// Different Tines of the Day

0 Spaci ng-bet ween secondary base stations (or between primary and secondary
base stations) cannot exceed 15 km

o All base stations (primary and secondary) must be connected to at least its
two nearest primary or secondary base station neighbors.

0 Secondary base stations nmust be traceabl e back to 2 primary base stations
al ong i.ndependent paths; i.e., SBl- PBl and SB1- SB3 plus SB3 - PB2,
or SB1 - PBl and SBl1 - SB4 plus SB4 - PBS.

0 Secondary base stati‘ons need not be established in surveys of snall areal
extent .



Local Network Stations

o
PB1
LN1
SB1 LN2 LN3 SB2
LN4 LN5

LN6<--7 km -><LN7

SB3 SB4

PB2 PB3

Basi ¢ Requi renents

0 30 Mnute Sessions / 2 Days / D fferent Tines of the Day

o Spacing between | ocal network stations stations (or between base stations
and | ocal network stations) cannot exceed 10 km

o All <local network stations nmust be connected to at least its two nearest
nei ghbors.

o/ Local network statiions nust be traceable back to 2 prinmary base stations

al ong i ndependent paths; i.e., LNL - PB1 and LNl - LN2, plus LN2 - SB1, plus
SB1 - SB3 plus SB3 - PB2, or LNl - PBl and LNl -LN3, plus LN3 - SB2 plus SB2 -
SB4 plus SB4 - PB3.



APPENDI X C. — 10 Mninum Steps Required to Estimate and Evaluate a GPS-Derived
Othonetric Height Project.

These steps are docunented in the report titled “M ni mum Steps Required Wen
Estimating GPS-Derived Orthonetric Heights,” Proceedings of the AS/LIS ‘90
Fal | Convention, Anaheim California, Novenber 7-10.

The m ni mum steps required when anal yzi ng GPS-derived orthonetric heights are
listed bel ow

1. During the project’s planning stage, performa detailed analysis of the
geoid in the area of the survey in order to determne/if additional gravity
and/or leveling data are required to adequately estimate the slope of the
geoi d and changes in sl ope.

2. During the project’s planning stage, performa detailed study of the
leveling network in the area, i.e., plot all leveling |lines, note the age of
leveling, deternine if bench marks can be occupi ed by GPS receivers, etc.

3. Performa 3-D mnimumconstraint |east squares adjustnment of the GPS data
and conpare GPS-derived coordinates with resul ts.of higher-order surveys.

4. Using the best avail abl e geoid hei ghts; conpare adjusted GPS-derived
orthonetric height differences obtained fromstep 3 with |evel ing-derived
orthonetric height differences.

5. Detect and renove all data outliers determned in steps 3 and 4.
6. Analyze the local geoid in/detail.

a. Plot the nodel ed geoid heights in the area.

b. Plot the estinated sl ope of the geoid using differences between GPS-
derived el li psoi d hei ght differences and | eveling-derived orthonetric height
differences (dN = dh - dH) obtained in step 4.

7. Estimate GPS-derived orthonetric heights and | ocal systematic errors in
the geoi d heights by solving for the geoi dal slope and scal e using the nethod
describedin Vincenty (1987) and denonstrated in Z | koski and Hot hem (1989)
and Zi l.koski (1990a).

8. /Conpare adjusted GPS-derived orthometric height differences fromstep 7
with | eveling-derived /orthonetric height differences to determi ne scale and
rotati on paraneters.

9. Conpare GPS-derived orthonetric heights by performng a 3-di nensi onal
|'east squares adj ustment holding fixed all appropriate orthometric height
values of published bench marks (and approxi mate GPS-derived coordi nates
conput ed from hi gher-order surveys and sol ving for appropriate scale and
rotation paraneters.

10. Use the results fromsteps 1 through 9 to docunment the estinated accuracy
of the GPS-derived orthonetric heights.



APPENDI X D. — Brief Description of Quidelines Using Sanple Project.

Usi ng GPS, Geoi d99, and NGS Guidelines to Qohtain

Rel | abl e,

Accurate Orthonetric Heights in Support of

Phot ogramretri c and Surveyi ng Project

in Baltinore County, Maryl and

Three Basic Rul es

The project fulfilled the three basic rules by :

Fol | owi ng NGS' guidelines for establishing GPS-derived ellipsoid heights
(Standards: 2 cmand 5 cm;

using GEAQ D99, the latest National Geoid Mdel; and

using NAVD 88, the | atest National Vertical Datum

Four/ Basic Control Requirenents

BCR1: Cccupy stations with known NAVD 88 orthonetric heights (Stations should
be evenly distributed«t hroughout project)

BCR2: Proj ect areas less than 20 kmon a side, surround project with NAVD 88

bench marks,
of project

i.e., mninmmnunber of stations is four; one in each corner

BRC3:Proj ect areas greater than 20 kmon a side, keep distances between GPS-
occupi ed NAVD 88 bench marks to |l ess than 20 km

BRCA: Proj ect.s-l ocated i n nount ai nous regi ons, occupy bench narks at base and
sunmt of nountains, even if distance is less than 20 km



BCR1:

BCR2:

BCR3:

BRCA:

NAVD 88 Bench-Marks Occupied with GPS
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Stations with large bl ocks have NAVD 88 hei ghts and they are evenly
di stributed throughout the project /area.

This requirenment i's not applicable because the project is greater than

20 kmon a side. [If the project was |l ess than 20 kmon a side, then there
shoul d be at |east four stations with NAVD 88 heights, i.e., four large

bl ocks , one in each corner of the project.]

Circl ed bench nmarks are mandatory. The anal ysis nust determne that the
bench nmarks have valid NAVD 88 heights. Qher bench marks can be
substituted but the user nmust adhere to the 20 km requirenent.

[ NOTE: Valid NAVD 88 hei ght values include, but are not limted to, the
foll owi ng: bench nmarks which have not noved since their heights were |ast
determ ned; were not msidentified, and are consistent with NAVD 88.]

This requirenent is not applicable because project is not in a
nmount ai nous region. [If the project was in a nountainous region then bench
mar ks shoul d be | ocated at the base and summit of the nountainous region.]



Fi ve Basic Adjustnent Procedures

BAP1: Performa 3-D mni nrum constraint |east squares adjustnent of the GPS
survey project, i.e., constrain one |latitude, one |ongitude, and one
orthonetric height val ue.

BAP2: Using the results fromthe adjustnent in procedure 1 above, detect and
renove all data outliers. The user shoul d repeat procedures 1:and 2 until
all data outliers are renoved.

HREEH L IPSOD HEGHT RESDUAL BY BASH NE

LENGTH
55 BASELINES-28%ABOVE3cm

7
/
6 (02000 65556500
QU3HEA ¥ 51 49
51 31 >
| 00222008
N Q140013 ’ ' 38
31 e t
26 4 19830121
TN RO A
S 2, sl ? ;
O o adse S o
Adap Ao le’ e o
A X LA KL
TR EC SO K oM W)
< MRS NI A 4
(08 S R RIS AN
2 R R XYY v L2 M
Ia) 0 S840 Yol b Ve (s 8 g 42
PRI RA *y
=14 4% AP A XN L4
RS b e DAN A S
% 3 "o"‘\'l‘"*""o’r“' ¢ . -
2 OGN &
MLEN '
~
3 v ‘ 5 66056650
4 0* X 31 49
6532002
5 \| QIzre2i 65
- 00330013 35 ’
-6 T 37 Ai
19302 ~—{y¢— ¥
-7 65
00 50 100 150 200 250 300 350 400
BASELNELENGIHKM)

Note: After perform ng the minimumconstraint adjustment, the user should plot
the ellipsoid height residuals (or dU residuals) and investigate all
residuals greater than 2 cm

Note that the station pairs that have large residuals, i.e., greater than 2.5



cm al so have large repeat base line differences. The NGS guidelines for
estimating GPS-derived ellipsoid heights require the user to reobserve
these base lines. Follow ng NGS guidelines provides enough redundancy for
the adjustnent process to detect outliers and apply the residual on the
appropriate observation, i.e., the bad vector.
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BAP 3: Compute differences between the set of GPS-derived orthonetric heights
fromthe mni mum constrai nt adjustrment from procedure 2 above and
publ i shed NAVD 88 bench marks.

GPS-Derived Orthometric Height minus NAVD 88 Heights
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Note: All -height differences are under 5 cmand nost are less than 2 cm
Alnmost all relative height differences between adjacent station pairs are
less than 2 cm However, nost of the height differences appear to be
positive relative to the sout hwest corner of the project



BAP 4: Using the results from procedure 3 above, determ ne which bench marks
have valid NAVD 88 height values. Al differences between valid bench
marks need to agree within 2 cmfor 2-cmsurveys and 5 cmfor 5-cm surveys

GPS-Derived Orthometric Height minus NAVD 88 Heights
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Note: To detect and renbve any systematic trend, a tilted plane is best fit to
the height differences (Vincenty 1987, Zilkoski and Hothem 1989). After a
trend has been renoved, all the differences are less than +/- 2 cm except
for one and alnost all relative differences between adjacent station are
less than 2 cm



BAP 5: Using the results from procedure 4 above, performa constrained
adj ustment fixing one |atitude and one | ongitude value and all valid NAVD
88 hei ght val ues.

GPS-Derived Orthometric Height minus NAVD 88 Heights
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Baltimore County GPS Project
GPS-Derived Orthometric Heights minus NAVD 88 Vaues
(All Unique Height Difference Combinations - Sample Size = 300)

Not e: After rejecting.the 50
| argest hei ght difference (- i
2.4 cm, of all the closely -
spaced station pairs, i.e., 40—
less than 10 km only three g [
are greater than/2 cm one § -
is greater than/2.5 cm and §30_
none are greater than 3 cm % i
. . Bl
There are 25 stations with s [
both GPS hei ghts and NAVD8S z |
hei ghts. This makes 300 -
uni que conparisons. O 10 B
t hese conparisons, 59 are L
greater than 2.0 cmbut only Nnn L '

34 are greater than 2.1 cm 3.0 2.0 1.0 0.0 1.0 20 3.0
and none are greater than
2.5 cm Interval (cm)



Number of Occurences

Baltimore County GPS Project
GPS-Derived Orthometric Heights minus NAVD 88 Values
(All Unique Height Difference Combinations - Sample Size = 300)

70

30





